Alcohol drinking is a significant risk factor for morbidity and mortality in adolescents worldwide. Adolescents frequently binge drink, and this pattern of use is associated with poor school performance, injuries, violence, drug use, and a variety of poor psychosocial outcomes in adulthood. These associations have raised concerns that alcohol drinking may damage the adolescent brain and lead to impaired cognition and behavior. Similar to the neurotoxicity seen in adult alcoholics, magnetic resonance imaging studies of brain anatomy in adolescent drinkers have shown that alcohol disrupts the development of temporal and frontal cortices and myelinated fiber tracts throughout the brain. Although adult brains show some recovery with abstinence, at present, no studies have examined brain recovery in adolescents. Studies of neuropsychological function have found deficits in attention and visuospatial ability that show dose-dependent correlations with alcohol exposure and withdrawal symptoms, but visuospatial performance recovers with short-term abstinence. Differences in executive function and decisionmaking have also been found, but the available evidence suggests that these are not primarily the result of alcohol exposure; instead, they reflect premorbid factors that increase risk-taking and substance use. Nevertheless, alcohol drinking by adolescents remains an important concern because of the potential for brain injury in addition to the many negative consequences associated with acute intoxication.
Introduction
Alcohol drinking by adolescents is a major global health problem. In 2011, World Health Organization data were used to estimate the productive years of life lost due to premature mortality or disability in young people aged 15-24 years. 1 Alcohol use was the leading risk factor, accounting for 8% of lost productive years. Alcohol was found to be an especially significant risk factor for males from high-income countries, particularly the Americas and Europe.
In the USA, the National Survey on Drug Use and Health provides yearly data on the prevalence and patterns of alcohol use. For several decades, this survey has consistently shown rates of drinking that are very low in young teens, rise during adolescence, and peak in young adulthood. In 2013, rates of alcohol use in the past month were 2.1% for persons aged 12-13 years, 22.7% for 16-17- year olds, and 69.3% for 21-25-year olds. 2 Rates of binge drinking, defined as five or more drinks on the same occasion in the past 30 days, were 13.1% for 16-17- year olds, while rates of heavy drinking, defined as five or more drinks per occasion on each of five or more days in the past month, were 2.7% (Table 1 ). Boys were more likely than girls to report binge or heavy drinking. Similar prevalence rates have been reported by a second US survey sponsored by the National Institute on Drug Abuse, but a third survey, the National Youth Risk Behavior Survey, reports higher prevalences, especially for young adolescents. 3, 4 The European School Survey Project on Alcohol and Other Drugs collected data on substance use among 15-16-year-old students from 36 European countries. National-level prevalences of alcohol use in the past month ranged from 17% (Iceland) to 69% (Monaco) with an overall European-wide average of 57%. 5 National-level prevalences of binge drinking in the past month ranged from 13% (Iceland) to 56% (Malta) with an overall average of 39%. Prevalences of drinking in the past 30 days mostly did not differ between boys and girls, but boys reported drinking 1/3 more alcohol in the last drinking episode. In the majority of European countries, boys reported binge drinking more frequently than girls. A 2015 study reported that drinking patterns in the People's Republic of China are similar to those in the USA and Europe. 6 As in the studies from Europe and the USA, boys drank more than girls.
Overview of adolescent drinking
A significant amount of alcohol drinking is a normal part of the adolescent experience, especially for males. Adolescent patterns of drinking are a concern because adolescents are likely to engage in binge drinking, which results in higher blood alcohol levels, greater behavioral disinhibition and incoordination due to intoxication, and greater potential for alcohol-associated neurotoxicity. 4, 7 In addition to contributing to the leading causes of death in this age group, adolescent drinking is associated with a variety of adverse psychosocial outcomes, including mental illness, illegal substance use, earlier age of sexual debut and increased rates of regretted or unsafe sex, poor school performance or dropping out of school, increased risk of developing an alcohol or substance use disorder (SUD) as an adult, and downward social mobility. 1, 4, [7] [8] [9] [10] [11] These associations have led to the hypotheses that alcohol exposure interferes with adolescent brain development, leading to poor adjustment later in life.
Mechanisms associated with adolescent brain maturation
Adolescence is defined as the period of life between puberty and the attainment of a stable adult role in society. 12 Puberty begins at the age of 10-13 years for girls and 12-15 years for boys, and sexual maturation is usually complete at the age of ~17 years. 13 Studies of adolescent brain development have shown that puberty triggers a series of changes in brain structure, and maturation of some regions continues throughout adolescence and into young adulthood.
In humans, almost all neurons are present at birth, and the brain reaches its full weight at the age of 12-14 years, the 
Dovepress

53
Does alcohol damage the adolescent brain?
beginning of adolescence. Instead of overall brain growth, maturation during adolescence consists of structural changes in the gray and white matter of specific brain regions. [14] [15] [16] Postnatal brain maturation proceeds as a wave that starts in sensory and motor areas and moves anteriorly over time.
Full maturation of association cortices in the frontal and temporal lobes occurs sometime during the age of late 20's or early 30's. 17 In the dendrites of cortical neurons, synaptic maturation follows an inverted U-shaped function: the density of synapses increases until it reaches a peak; after the peak, synapses are lost as part of an experience-dependent pruning process that sculpts and refines the neural circuits within that region. 16 A recent postmortem study examined synaptic spine development in prefrontal cortex (PFC) across the lifespan and showed that the spine density increased steadily throughout childhood and declined after puberty, suggesting that substantial refinement of PFC circuitry occurs during adolescence. 18 Structural magnetic resonance imaging (MRI) studies have shown that cortical gray matter density and cortical thickness follow similar patterns, and the latest maturation occurs in PFC and temporal cortex. 19, 20 Gray matter density in the striatum also declines during adolescence. 21 The white matter of the brain is made up of myelin, a fatty substance that ensheathes the axons of neurons. Myelin functions as an electrical insulator and improves saltatory conduction of the action potential, allowing for quicker communication between brain regions. During development, myelination also occurs in a systematic sequence that progresses from inferior to superior brain regions and from posterior to anterior brain regions. 22 Whole-brain white matter volumes increase throughout childhood, the rate of myelination accelerates at puberty, and the volumes continue to increase throughout adolescence and young adulthood to peak at ∼40 years of age. 15, 17 Similar to the pattern seen for changes in gray matter, myelination of sensory and motor areas is completed during childhood, while the association areas, including the PFC and temporal cortex, are among the last to mature. White matter development in the cortico-cortical and cortico-limbic tracts also continues throughout adolescence. 15 These increases in white matter volume are accompanied by progressive improvements in MRI measures of white matter integrity, fractional anisotropy (FA) and mean diffusivity, which reflect increasing microstructural organization of white matter tracts. 15, 16 Overall, more myelination and greater organization of fiber tracts result in more efficient communication among distant brain regions. Thus, proper white matter development in association cortices and tracts connecting distant brain regions may support the development of cognitive and emotional maturity in adolescents.
Overview of brain adolescent development
During adolescence, frontal and temporal association cortices undergo synaptic pruning and declines in gray matter that are accompanied by increased white matter volumes and greater organization of myelinated tracks that connect association regions to other areas of the brain. Disruption of these processes by alcohol exposure could lead to changes in the cognitive functions served by these brain regions.
The effects of alcohol on adolescent brain development
To determine if alcohol drinking during adolescence is associated with anatomical changes in the brain, structural MRI has been used to measure gray matter volumes and cortical thickness, white matter volumes, and white matter organization and integrity. Areas of particular interest for study were frontal and temporal cortical regions and associated white matter tracks, which are still developing during adolescence, along with areas that undergo damage in adult alcoholics, such as the hippocampus, cerebellum, and regions of the striatum. 23 Several studies have also investigated whether there are differences in the effects of alcohol on boys and girls. As with all studies of the effects of substance use on the brain, these experiments are challenging to conduct and interpret because of the frequent presence of comorbid disorders that may contribute to apparent effects of alcohol drinking. Cross-sectional studies can be particularly subject to confounding, while longitudinal studies that assess changes using multiple measurements within individuals can avoid some of these artifacts. Therefore, cross-sectional and longitudinal studies are reviewed separately.
Cross-sectional MRi studies of gray and white matter volumes
An early study found that youth with an adolescent-onset alcohol use disorder (AUD) had significantly smaller bilateral hippocampal volumes than healthy controls. 24 Hippocampal volumes correlated negatively with the duration of the AUD and positively with the age at the onset of AUD, suggesting a dose-dependent relationship between alcohol exposure and neurotoxicity. Total cortical gray and white matter volumes and amygdala volumes did not differ between groups. A later study that controlled for psychiatric comorbidity found that 
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Fleming adolescents with AUD had significantly smaller left hippocampus volumes than healthy controls. 25 However, no difference was found for right hippocampus, and there was no relationship between hippocampus volumes and alcohol use patterns. This finding of smaller left hippocampus volumes in adolescent drinkers was replicated in a later study that also controlled for conduct disorder. 26 Here, smaller left hippocampal volumes were associated with more AUD symptoms. This study also reported a significant difference in right versus left hippocampal asymmetry in AUD subjects compared with controls.
De Bellis et al 27 examined PFC, thalamic, and cerebellar volumes in adolescents with AUD and comorbid mental disorders. Subjects with AUD had smaller PFC gray and white matter volumes, and these volumes were significantly correlated with alcohol consumption. There were no sex differences in the effects of AUD on PFC volumes. There were no group differences in thalamic or cerebellar volumes, but there was a group by sex interaction indicating that males with AUD had smaller cerebellar volumes than controls with no effect of AUD in females.
Medina et al 28 also compared adolescents with and without AUD. After controlling for sex and conduct disorder status, this study found no significant group differences in brain volume but did find a group by sex interaction. Girls with AUD had smaller total PFC volumes than same-sex controls, while AUD males had larger PFC volumes than controls. A similar pattern was observed for PFC white matter volumes. Interestingly, controlling for alcohol use and sex, this study found that adolescents with conduct disorder had significantly smaller PFC volumes. The authors did not find any correlations between lifetime alcohol use, alcohol withdrawal symptoms, or alcohol dependence symptoms and PFC volumes.
Squeglia et al 29 reported sex differences in the effect of binge drinking on cortical thickness. In females, binge drinkers had significantly thicker cortices in two areas of PFC: the left frontal pole and the left pars orbitalis. Although females and males had similar estimated peak blood alcohol concentrations (BACs; 0.26 vs 0.28, respectively), there was no effect of binge drinking on these brain regions in males. Male binge drinkers had significantly thinner cortices in left rostral anterior cingulate and left medial orbitofrontal cortex, with no effect in females in these brain regions. No group differences were found on a battery of seven neuropsychological tests. However, increased cortical thickness was associated with poorer cognitive performance for both females and males.
A large study of South African adolescents aged 12-16 years with an AUD, but without externalizing or other psychiatric disorders, found that compared to age-and sex-matched healthy controls, AUD adolescents showed decreased gray matter density in the left lateral frontal, temporal, and parietal lobes. 30 This study also found two group by sex interactions on effects of AUD on subcortical volumes: AUD boys had smaller thalamus and putamen volumes compared with controls, whereas AUD girls had larger thalamus and putamen volumes. In contrast to other studies, [24] [25] [26] no differences in hippocampus volumes were found. Interestingly, this study also showed deficits in cognition; AUD adolescents showed impaired verbal story memory and worse self-monitoring.
Lisdahl et al 31 examined the effects of recent binge drinking (mean estimated BAC: 0.24) on cerebellar volumes in adolescents aged 16-19 years. Although no group differences in cerebellar gray or white matter were found, for binge drinkers, a higher maximum number of drinks per binge predicted smaller left and right cerebellar gray matter and smaller left cerebellar white matter, with a similar nonsignificant trend for right cerebellar white matter. No sex differences were found.
A second South African study 32 addressed the question of whether childhood adversity could play a role in the effects of adolescent alcohol exposure on brain volumes. After covarying out childhood trauma, this study found a main effect of group on brain volumes in superior temporal gyrus, similar to their previous finding. 30 There was no group effect of AUD on hippocampus volumes. However, in the total cohort, childhood trauma was linked to smaller total hippocampus volumes, with a stronger effect for left hippocampus. Childhood trauma score also positively correlated with lifetime alcohol intake. These results suggest that childhood adversity could be a confounding factor that contributes to apparent effects of AUD on brain structure, particularly for hippocampus volume.
Cross-sectional MRi studies of white matter organization
Three studies of white matter organization in adolescent drinkers have suggested that alcohol exposure disrupts the normal increases in white matter integrity that are characteristic of adolescent development. Jacobus et al 33 
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Does alcohol damage the adolescent brain? from the same research group found widespread reductions in FA in white matter pathways of the frontal, parietal, and temporal lobes as well as subcortical areas and cerebellum (mean estimated BAC: 0.24). 34 Reductions in FA were found by a second group using a different population, youth involved with the juvenile justice system. 35 Compared to low-scoring controls, adolescents with a high Alcohol Use Disorders Identification Test (AUDIT) score had significantly lower FA in regions from the right and left posterior corona radiata and right superior longitudinal fasciculus. One cluster in the right anterior corona radiata showed higher FA in the high AUDIT group.
Two other studies have also shown increased FA, indicating better white matter organization, in adolescents with AUD. De Bellis et al 36 found increased FA in the rostrum of the corpus callosum, near the isthmus region of the anterior cingulate. In addition, the developmental trajectory of FA was disturbed in the AUD group; controls showed the expected pattern of positive correlation of FA with age, but in AUD subjects the effect was reversed and FA was negatively correlated with age, which is consistent with a neurotoxic effect of alcohol on myelination. This study also found a sex by group interaction; girls with AUD had lower FA in the posterior midbody of the corpus callosum, which is similar to the reduced FA in the three studies described earlier. However, a large South African study failed to find evidence of a neurotoxic effect on white matter development. 37 In this study, AUD subjects did not have a comorbid substance abuse or externalizing disorders, and the authors controlled for childhood adversity. AUD subjects had higher FA in two tracts of the limbic system, the fornix and stria terminalis. No sex differences were found. The increased FA was not associated with any measure of alcohol use. Neuropsychological testing found impairment of verbal story memory and self-monitoring in AUD subjects. In contrast with most other studies, no regions of reduced FA were found in AUD subjects. The authors suggested that greater prevalence of trauma and lower SES in their sample could explain the discrepancy between this and other studies. In studies that did not adequately control for externalizing or conduct disorders, disruptions of myelination associated with a behavior disorder could also have contributed to differences in FA. 38 Longitudinal MRi studies of gray and white matter A longitudinal study of adolescents aged 14-19 years at baseline who initiated alcohol use during a 2-year study duration found that initiators had greater loss of cortical thickness in the right middle frontal gyrus of the PFC. 39 Compared to nondrinking controls, initiators also showed reduced gains in white matter in right precentral gyrus (motor cortex), lingual gyrus (parietal cortex, visual association cortex), temporal gyrus, and anterior cingulate cortex. Initiators also had decreases in FA in the left caudate/thalamic region and right mid-temporal/polar-temporal region of the inferior fronto-occipital fasciculus. An important aspect of this study is that it examined subclinical levels of drinking; the initiators reported using alcohol 3.9 times per month, with an average drinks per occasion of 5.4, and an average total drinks per month of 22.3.
Three other longitudinal studies from Susan Tapert's group in San Diego, CA, examined youth who transitioned to heavy or binge drinking during adolescence. The first study 40 found that in no-drinking controls, FA increased over time in 15 regions of interest throughout the brain, reflecting the expected developmental trajectory of improved white matter organization with age. However, adolescents who escalated to heavy drinking showed declines in white matter integrity from baseline to follow-up. At the 3-year follow-up, there were also group differences in FA between binge drinkers and controls, with drinkers showing significantly poorer white matter integrity. The second study 41 found that at baseline, when all subject were nondrinkers, subjects who later became heavy drinkers had smaller volumes in regions of left cingulate and frontal cortex and less right cerebellar white matter. At the 3-year follow-up, those who became heavy drinkers showed significantly more volume reductions in left diencephalon, temporal lobe, caudate, and brainstem. For heavy drinkers, more lifetime alcohol use was correlated with greater volume reductions in the left caudate. The third and largest study 42 more thoroughly examined brain developmental trajectories in adolescents who initiated heavy drinking. These drinkers averaged 210 lifetime alcohol use occasions, 9.69 drinking days per month during the 3 months before follow-up, 7.56 peak drinks per occasion, and an estimated peak BAC of 0.21, which is consistent with binge drinking on Friday and Saturday of every weekend. Controls (non-or light drinkers) showed brain changes consistent with normal adolescent development: gray matter volumes decreased in multiple cortical regions, and all three white matter regions studied (corpus callosum, central white matter, and pons) showed increases in volume at follow-up. In contrast, adolescents who transitioned to heavy drinking deviated from the normal trajectory: cortical gray matter loss was accelerated in lateral frontal and temporal cortices, and white matter growth was slowed. In contrast to smaller 
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Fleming studies showing sex differences, 28, 29 male and female heavy drinkers showed similar patterns of altered gray and white matter development. However, it is important to note that this study found several group differences between controls and heavy drinkers that could act as confounds: heavy drinkers were older, further along in pubertal development at baseline, and had significantly higher scores for depression and externalizing behaviors.
Summary of the effects of alcohol drinking on gray and white matter development
Of the changes seen in gray matter, the strongest cumulative evidence is for decreases in cortical volume or thickness in the temporal lobe. These changes were found in two relatively large cross-sectional studies that controlled for many confounds 30, 32 and in three longitudinal studies. 39, 41, 42 These four studies represent three sample populations from two different parts of the world. Decreases in volume or thickness in frontal regions of the brain, including PFC, are next in strength of evidence; these were found in four cross-sectional [27] [28] [29] [30] and two longitudinal studies 39,42 from three populations. Two studies of sex differences showed opposite effects of drinking on PFC development in girls. 28, 29 In spite of the larger number of studies, the evidence for effects on frontal cortex is somewhat weakened by possible associations with confounds such as conduct disorder 28 or childhood adversity. 32 The finding of reduced frontal cortex volumes at baseline in a longitudinal study 41 also suggests that dysregulation of frontal cortex development may be a predisposing factor for alcohol drinking. 43, 44 However, accelerated loss of gray matter in a longitudinal study 42 suggests that even if predrinking differences are present, alcohol may cause some neurotoxicity in frontal cortex. In hippocampus, there is abundant evidence for damage in adult alcoholics, but the evidence for an effect of adolescent drinking on this region is equivocal. Decreases in hippocampus volumes were found in three small crosssectional studies 24, 25, 45 but were not replicated by two larger studies, 30, 32 one of which identified a potential confounding association of reduced hippocampus volume with childhood adversity. 32 Studies of gray matter in cerebellum and subcortical regions are suggestive of possible effects of alcohol, but the evidence is still preliminary. Sex differences identified in small studies 28, 29 have not been replicated by larger studies, 30, 42 so at present, there is limited evidence for greater vulnerability in either girls or boys.
In contrast with the mixed evidence for effects of adolescent drinking on gray matter, the majority of studies reviewed present evidence for neurotoxic effects of alcohol on developing myelinated pathways, [33] [34] [35] 39, 40, 42 which is consistent with the degradation of white matter tracts seen in adult alcoholics. (The exception to this pattern is the South African study that found no decreased areas of FA 37 ). Although the potential for neurotoxic effects on white matter is a significant concern, the fact that adult alcoholics show recovery of white matter integrity after 1 year of abstinence 46 may be reassuring because it suggests the possibility that the adolescent brain could recover from damage if the youth stop drinking.
Consequence of these effects on adolescent behavior and cognition
Since the early 1900s, adolescence has been described as a developmental period characterized by cognitive impulsivity, risk-seeking, emotional intensity and lability, and social reorientation. 14 The dyadic systems model is a conceptual framework that describes changes in brain function that may account for these typical adolescent behaviors. According to this model, the choice to inhibit risky, immediately rewarding behavior in favor of long-term goals is determined by the balance between two opposing processes: incentive motivation and executive function. 12, 44, 47 The incentive motivation system is served by the striatum as well as the medial and orbital frontal cortices, whereas executive function, or cognitive control, is served by lateral PFC and temporal cortex. 48, 49 Adolescent impulsiveness and risk-taking occur because puberty triggers a peak in striatum-driven incentive motivation that occurs at ∼15-16 years of age, before the cognitive control system has reached full maturity. 12 This peak in responsiveness of the striatal dopamine system may also explain adolescent experimentation with alcohol and drugs. 50 However, although this model has been widely applied to explain adolescent behavior, it has been critiqued by others who note that higher rates of substance use, unintentional injuries, and death by violence occur in young adulthood when the cognitive control system is almost completely mature. 13, 47, 51 Some authors suggest that excessive risk-taking and substance use are not significant features of normal adolescence; instead, they occur in a subset of teens who have a history of behavioral disinhibition and whose brains may not be developing typically. 44, 47 This possibility is important to consider when examining the putative effects of adolescent drinking on brain function because it suggests that the heaviest drinkers may have neuropsychological differences that preceded alcohol exposure. Indeed, a family history of alcoholism is a major risk factor for developing an AUD, and studies of family history positive individuals strongly suggest that deficits in executive function and affective regulation represent a cognitive endophenotype that confers increased 
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Does alcohol damage the adolescent brain? risk for early substance use. 52, 53 Many studies of adolescent drinkers show increased rates of externalizing and conduct disorders, which indicate problems with executive function. 44 Longitudinal studies with a preexposure baseline can help to determine what comes first: disinhibition or drinking, but if continuing brain development is abnormal in risk-taking and/ or family history positive adolescents, 38 cognitive differences could be misattributed to alcohol neurotoxicity.
Evidence from adults suggests that prolonged alcohol abuse leads to widespread deficits in cognition. A recent meta-analysis of 62 studies 54 reported that after short-term abstinence, adult alcoholics showed performance deficits in eleven cognitive domains: verbal fluency/language, speed of processing, working memory, attention, problem solving/ executive functions, inhibition/impulsivity, verbal learning, verbal memory, visual learning, visual memory, and visuospatial abilities. Effects were mostly of moderate size, and Cohen's d ranged from 0.4 (visual learning) to 0.7 (attention). In contrast, studies of adolescents have found deficits in some of these domains, suggesting more selective effects on alcohol exposure on cognitive ability. For example, an early study 55 compared alcohol-dependent adolescents to a community sample matched for demographic characteristics. Neuropsychological function was assessed using a battery of eight tests performed after a minimum of 3 weeks of abstinence. Poorer performance was found on tests in the domains of language, memory, and visuospatial cognition, with the most consistent deficits found in the language domain. The subjects of this study were adolescents with a history of substantial alcohol exposure; at ages 15-16, the mean number of times they had drunk during their lifetime was 753, the mean drinking days per month over the 3 months before the study was 18.76, and the mean drinks per day was five. For comparison, according to the National Survey on Drug Use and Health, in 2013, an estimated 2.8% of youth aged 12-17 years had an AUD. In addition, 2.7% of 16-17-year olds in the USA reported heavy drinking, which accounts for 12% of those who drank any alcohol. 2 Another study from the same research group 56 examined the effects of continued alcohol and/or drug use in 115 adolescents who received impatient treatment for an AUD or SUD (an estimated 5.7% of youth had an alcohol or drug use disorder in 2013 2 ). Subjects were followed for 4 years, and continued use of substances after treatment was associated with poorer functioning on tests of attention (Cohen's d=0. 53 for abusers with no recent use). No group differences were found for the visuospatial, memory, or intrusion domains. However, multiple regression analysis indicated that the number of withdrawal symptoms reported for the 3 months preceding the 4-year follow-up predicted poorer visuospatial ability (R 2 =0.17). Further evaluation of the effects of withdrawal revealed that reporting symptoms during the 3 months preceding the follow-up was associated with poorer performance in the visuospatial, attention, and intrusion domains. These subjects were followed for another 4 years and compared to a community sample of adolescents without SUDs. 57 Participants with a history of SUD at intake or during the follow-up period performed worse than controls in the attention domain (Cohen's d=0. 54) . Hierarchical regression analyses were used to estimate the contributions of different substances to declines in cognitive performance, and cumulative alcohol use over the 8 years of the study predicted poorer attention functioning with a small effect size (f 2 =0.3). Subjects reporting any withdrawal during the 8 years had worse performance on tests of attention and visuospatial ability, and cumulative substance withdrawal predicted attention and visuospatial function at year 8, with alcohol withdrawal specifically predicting visuospatial performance. At a 10-year follow-up, cumulative alcohol use predicted poorer visuospatial performance, but alcohol withdrawal was no longer associated with poorer visuospatial ability. 45 A recent study 58 investigated neuropsychological deficits and recovery in heavy drinking adolescents. The criteria for heavy drinking included $50 lifetime drinking episodes, $1 heavy drinking episodes in the last month, and importantly, $1 withdrawal symptom in the past 2 weeks. Drinkers were matched to controls for measures of academic performance before the initiation of drinking. Subjects were administered three batteries of tests over a 4-week abstinence period. At the beginning of the study, with an average abstinence of 5.5 days, heavy drinkers performed worse than controls on tests of prospective memory, cognitive switching, inhibition, verbal memory, visuospatial construction, and language achievement, with effect sizes ranging from 0.59 to 1.04. Scores improved over time for both groups, but heavy drinkers improved more rapidly on some tasks, possibly representing partial recovery from the effects of alcohol exposure, similar to that reported for adults. 54 However, only the scores for visuospatial construction improved enough to bring heavy drinkers to control levels after 4 weeks of abstinence. The effect of heavy drinking on visuospatial function is supported by another study of adolescents who transitioned to heavy drinking; in girls, past year drinking days predicted worsening visuospatial performance. 59 Another recent study 60 compared heavy drinking adolescents, heavy drinkers who also used marijuana, marijuana users only, and controls who had been matched for family history of substance dependence and academic performance. After 1 month of withdrawal, Neuroscience and Neuroeconomics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 29-Dec-2018 For personal use only.
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Fleming heavy drinkers had worse performance than controls on tests of cognitive switching (Cohen's d=0.88) and verbal memory. More alcohol withdrawal symptoms were associated with poorer cognitive switching. In contrast with other studies of adolescent drinkers, 45, 59 but consistent with the recovery seen previously, 58 this study did not find significant group differences for tests of visuospatial construction. However, the authors did find a significant correlation between alcohol withdrawal symptoms and worse visuospatial performance.
Two studies have examined affective decision-making in adolescent binge drinkers using the Iowa Gambling Test (IGT), which simulates real-world risky decision-making. Binge drinkers showed significantly worse performance on this task, and additional testing using a variant of the IGT suggested that this poor performance was due to hypersensitivity to reward that made high-payoff risky choices more attractive to binge drinkers. 61 Furthermore, poor performance on the IGT predicted binge drinking 1 year later, suggesting that impaired affective decision-making may be a factor that predisposes an individual toward binge drinking. 62 Similarly, a large-scale modeling study found that higher delay discounting is associated with an increased likelihood of binge drinking at the age of 14 years. 43 
Summary of the effects of alcohol on adolescent cognition
Studies of adolescent heavy drinkers or those with AUD/SUD have shown that alcohol exposure is linked to deficits in language ability, visuospatial cognition, and executive function, as indicated by poorer performance in attention, memory, cognitive switching, and inhibition tasks. Adolescent binge drinkers also show deficits in affective decision-making, which suggest changes in the incentive motivation system. 43, 44, 49 Cumulative alcohol exposure and withdrawal symptoms have been repeatedly associated with worse impairments of attention and visuospatial ability, and these dose-dependent relationships suggest neurotoxicity as a possible cause of these deficits. Modest effect sizes for group differences suggest that heavy alcohol drinking does not cause clinical impairment, even in adolescents with AUD; rather, these are subtle differences that might contribute to the poor psychosocial outcomes that are widely associated with adolescent drinking. 63 Longitudinal studies provide support for the hypothesis that alcohol neurotoxicity causes declines in visuospatial performance, which is consistent with impaired development of the temporal lobes, but this can recover with abstinence. 58, 59 The relationships between alcohol drinking and differences in executive function and incentive motivation are probably more complex. Behavioral disinhibition during childhood has been identified as an important predictor of and risk factor for adolescent-onset addiction 44 and adolescent binge drinking. 43, 62 Therefore, differences in memory, attention, cognitive switching, and risky decision-making could reflect predisposing factors that contribute to the development of heavy alcohol use. 44, 47 In spite of the presence of premorbid factors, the evidence that alcohol interferes with the development of frontal cortex, temporal cortex, and associated myelinated tracks suggests that neurotoxic injury may impair further development of executive function, leading to a feed-forward loop in which individuals with a predisposition for behavioral problems and substance use become even less capable of self-regulation due to neurotoxic damage. However, a recent study that directly tested this feed-forward hypothesis found no evidence that alcohol drinking predicted changes in impulsivity. 64 Therefore, the role of drinking in causing executive dysfunction remains uncertain.
Conclusion
Alcohol drinking is a significant risk factor for morbidity and mortality in adolescents worldwide, especially in males. 1 Excessive drinking is also associated with poor school performance, drug use, and a variety of poor psychosocial outcomes in adulthood, including greater risk of an AUD or SUD. [8] [9] [10] [11] These associations have raised concerns that alcohol drinking may damage the adolescent brain and lead to impaired cognition and decision-making. MRI studies of adolescent drinkers have shown that alcohol exposure disrupts the development of temporal 30, 32, 39, 41, 42 and frontal [27] [28] [29] [30] 39, 42 cortices and myelinated fiber tracks throughout the brain. [33] [34] [35] 39, 40, 42 It is not known if these effects reverse if drinking stops. Studies of cognition have found modest deficits in attention and visuospatial ability, and visuospatial performance recovers with abstinence. 58 Differences in executive function and affective decision-making have also been found, but careful examination of the evidence suggests that these differences are not primarily the result of alcohol exposure; instead, they reflect premorbid factors that predispose an individual toward risk-taking and substance use. 44, 47 Therefore, although anatomical studies suggest that heavy alcohol exposure can disrupt adolescent brain development, the relationship between altered brain structure and psychosocial impairment is still uncertain. Longitudinal studies of the effects of drinking on adolescent cognition have usually observed subtle impairments, which may reflect an adaptive capacity of the adolescent brain that allows it to compensate for the effects of alcohol exposure. 65, 66 Preexisting neurocognitive differences, Neuroscience and Neuroeconomics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 29-Dec-2018 For personal use only.
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Does alcohol damage the adolescent brain? not alcohol-induced brain damage, may account for many of the behavioral difficulties observed in binge drinking adolescents. Nevertheless, alcohol drinking by adolescents remains an important concern because of the potential for brain injury in addition to the many negative consequences associated with acute intoxication.
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